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Abstract 
Due to technical simplicity and strong inhibition against the growth of psychrotrophic 
bacteria in milk, CO2 treatment has emerged as an attractive processing aid to increase the 
storage time of raw milk before downstream processing. However, it is yet to be adopted by 
the industry. In order to further explore the suitability of CO2 treatment for raw milk 
processing, the bacterial populations of carbonated raw milk collected locally from five 
different sources in Australia were analysed with next-generation sequencing. Growth 
inhibition by CO2 was confirmed, with spoilage delayed by at least 7 days compared with 
non-carbonated controls. All non-carbonated controls were spoiled by Gammaproteobacteria, 
namely Pseudomonas fluorescens group bacteria, Serratia and Erwinia. Two out of the five 
carbonated samples shared the same spoilage bacteria as their corresponding controls. The 
rest of the three carbonated samples were spoiled by the lactic acid bacterium (LAB) 
Leuconostoc. This is consistent with higher tolerance of LAB towards CO2 and selection of 
LAB in meat products stored in CO2-enriched modified atmosphere packaging. No harmful 
bacteria were found to be selected by CO2. LAB are generally regarded as safe (GRAS), thus 
the selection for Leuconostoc by CO2 in some of the samples poses no safety concern. In 
addition, we have confirmed previous findings that 454 pyrosequencing and Illumina 
sequencing of 16S rRNA gene amplicons from the same sample yield highly similar results. 
This supports comparison of results obtained with the two different sequencing platforms, 
which may be necessary considering the imminent discontinuation of 454 pyrosequencing.  
 
Keywords 
Raw milk spoilage; Raw milk microbiota; CO2 treatment; Bacterial community profiling; 
Next-generation sequencing  
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1. Introduction 
The establishment of the cold chain has extended the storage time of raw milk before 
processing due to inhibition of mesophilic bacteria. However, low temperature favours the 
growth of psychrotrophic organisms, among which those belonging to the Pseudomonas 
fluorescens group are predominant spoilage bacteria of raw milk (Boor and Fromm, 2009; 
Heyndrickx et al., 2010; Sørhaug and Stepaniak, 1997; Ternström et al., 1993). Although the 
majority of psychrotrophic bacteria can be effectively killed by pasteurisation, many species, 
particularly those of the P. fluorescens group,  produce heat-stable lipases and proteinases 
which remain active post-pasteurisation (Fairbairn and Law, 1986; Sørhaug and Stepaniak, 
1991, 1997; Stead, 1986). Therefore, controlling the proliferation of psychrotrophic bacteria 
during refrigerated storage of raw milk is crucial to maintaining the shelf-lives of the derived 
dairy products.  
 
Carbon dioxide has emerged as an attractive preservative of raw milk as it is inhibitory 
against the growth of psychrotrophic bacteria including P. fluorescens (Hotchkiss et al., 2006; 
Loss and Hotchkiss, 2003; Martin et al., 2003), it is generally regarded as safe (GRAS), its 
treatment method is non-thermal, simple and economical, and it does not have adverse effects 
on the nutritional content of milk (Loss and Hotchkiss, 2003; Ruas-Madiedo et al., 1996; 
Sierra et al., 1996).  The effectiveness of CO2 in extending the storage life of raw milk and 
cottage cheese has been well established (Amigo et al., 1995; Chen and Hotchkiss, 1991, 
1993; Espie and Madden, 1997; King and Mabbitt, 1982; Kosikowski and Brown, 1973; 
Maniar et al., 1994; Moir et al., 1993; Roberts and Torrey, 1988; Ruas-Madiedo et al., 1996; 
Ruas-Madiedo, Bascarán, et al., 1998). CO2 treatment is already routinely used in 
commercial cottage cheese production in the US (Loss and Hotchkiss, 2003), and an 
unpublished scaled-up field trial of CO2 treatment of raw milk showed a 4 day increase in 
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storage life of the treated sample (Hotchkiss et al., 2006). However, CO2 remains to be 
adopted by the industry for raw milk processing.  
 
Some reasons for the hesitation of introducing CO2 into raw milk processing could be the 
possible selection of pathogens and sporeformers and increased risk of toxin production 
during the extended storage time before downstream processing. Studies to date on the effect 
of CO2 on the growth of Listeria monocytogenes, Bacillus cereus and Clostridium 
sporogenes in milk or cottage cheese and toxingenesis of Clostridium botulinum in milk have 
shown that CO2 treatment does not pose increased risk with regard to these factors (Chen and 
Hotchkiss, 1993; Glass et al., 1999; Werner and Hotchkiss, 2002) . In addition, culture-
independent studies on the native bacterial composition of carbonated raw milk during cold 
storage have found no evidence of selection of harmful bacteria (Rasolofo et al., 2011; 
Rasolofo et al., 2010). The current study aims to further explore the bacterial profiles of 
carbonated raw milk using culture-independent next-generation sequencing of 16S rRNA 
gene amplicons. Compared to the 16S rRNA gene-based techniques used in previous studies, 
namely gene clone libraries, terminal restriction fragment length polymorphism (T-RFLP) 
and denaturing gradient gel electrophoresis (DGGE) (Rasolofo et al., 2011; Rasolofo et al., 
2010), next-generation amplicon sequencing offers much greater sampling depth and requires 
less manual handling and subjective judgement, making results more representative and 
reproducible. Thus the current study will be a meaningful addition to the literature of CO2 
treatment of dairy products.  
 
 Pyrosequencing has already been used in a large number of recent studies in which the 
microbial communities of dairy products were characterised, including raw and pasteurised 
milk and various types of cheese (Aldrete-Tapia et al., 2014; de Filippis et al., 2014; de 
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Pasquale et al., 2014; Ercolini et al., 2012; Guidone et al., 2016; Masoud et al., 2011; Masoud 
et al., 2012; Quigley, McCarthy, et al., 2013; Quigley et al., 2012; Riquelme et al., 2015). We 
have recently analysed the bacterial populations of fresh and spoiled carbonated raw sweet 
whey using pyrosequencing of 16S rRNA gene amplicons (Lo et al., 2016). The carbonated 
sample was spoiled by the same bacteria as the non-carbonated control, namely Pseudomonas, 
Serratia and other Enterobacteriaceae, which are common milk spoilage organisms. It would 
be of interest to determine whether similar organisms would be found in spoiled carbonated 
raw milk.  
 
This study aims to confirm the effectiveness of CO2 in inhibiting bacterial growth in raw milk 
samples obtained from geographically distinct sites and to characterise the microbial 
populations of fresh and spoiled raw milk using culture-independent 16S rRNA community 
profiling. The findings will help determine the suitability of incorporating CO2 treatment into 
raw milk processing. 
 
2. Materials and Methods 
2.1. Sources of raw milk 
Raw milk was collected from five different sources located in two different states of Australia 
(Table 1) and transported to the University of Queensland (UQ), where carbonation and 
analyses were performed. Milk samples were transported in an insulated container with ice 
bricks. Samples collected in Queensland arrived at UQ within an hour. SF2, which was 
collected in Victoria, was first transported to Dairy Innovation Australia Limited (DIAL) 
where it was stored in a 4°C cold room before being packaged with ice bricks and transported 
by plane to Queensland. The SF2 sample arrived at UQ within the same day as sample 
collection. Upon arrival at UQ, all samples were held in a 4°C cold room before carbonation.  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
6 
 
The day of sample collection was designated as day 0. All samples were carbonated on day 0. 
Henceforth, the samples are abbreviated by their source and treatment. For example, DP1-
control and DP1-CO2 stand for the non-carbonated control and carbonated sample from DP1 
respectively.  
 
2.2. Carbonation, measurement of CO2 concentration and milk storage conditions 
Carbonation and measurement of CO2 concentration was carried out as previously described 
(Lo et al., 2016). Samples were carbonated to achieve CO2 saturation (2146-3540 ppm). The 
carbonated milk was divided into 30 mL aliquots in sterile sealed plastic containers and 
stored at 4°C. One aliquot was used for analysis at each time point. A non-carbonated control 
was included in the analysis of each sample.  
 
2.3. Bacterial growth studies 
Bacterial growth in the raw milk samples was monitored by a plate count method. One 
millilitre of milk was taken from a well mixed 30 mL sample aliquot and used to prepare 
serial tenfold dilutions in 0.1% peptone water. One hundred microlitres were spread plated 
onto nutrient agar (Oxoid, Basingstoke, UK) and incubated at 30°C for 3 days. Undiluted 
samples were also plated on day 0 to allow for low bacterial counts. Analysis of a sample was 
terminated when it was spoiled. Spoilage was defined by bacterial counts on nutrient agar 
reaching a threshold of 10
6
 CFU/mL. CO2-treated samples were also plated onto MRS agar 
(Oxoid, Basingstoke, UK) and incubated at 37°C anaerobically to monitor the growth of 
Lactobacillus and Leuconostoc.  
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2.4. DNA extraction for pyrosequencing 
One mL aliquots of milk were collected on the same day as plating for treatment with 
propidium monoazide (PMA) (Biotium, Hayward, CA, USA) and stored at -80°C until ready 
for DNA extraction. The purpose of the PMA treatment was to prevent DNA from dead 
bacteria from being extracted and amplified in PCR (Nocker et al., 2006). All milk samples 
except those from DP1 were treated with PMA prior to DNA extraction. PMA treatment and 
DNA extraction was performed using methods described previously (Lo et al., 2016).  
 
2.5. Pyrosequencing 
PCR was performed with GoTaq® DNA Polymerase (Promega, Madison, WI, USA) 
according to the manufacturer’s instructions. The primers, provided by the Australian Centre 
for Ecogenomics (ACE, UQ), were non-barcoded and targeted the V5-V8 region of the 16S 
rRNA gene (forward primer: a mixture of TTAGATACCCTGGTAGTC, 
TTAGATACCCSGGTAGTC, TTAGATACCCYHGTAGTC and 
TTAGAGACCCYGGTAGTC in a 2:1:1:1 ratio respectively; reverse primer: 
ACGGGCGGTGWGTRC). The resulting PCR products were then submitted to ACE for a 
second PCR with barcoded primers and Roche 454 pyrosequencing (Margulies et al., 2005; 
Rothberg and Leamon, 2008). The sequencing data were analysed with QIIME (Caporaso et 
al., 2010). The default parameters of the scripts were used in most cases. Reads were 
excluded if their average quality score were below 25, if their length was outside 200 - 1000 
bp, if they had more than 6 ambiguous bases, if they had a homopolymer run exceeding 6 
bases or if there were any primer mismatches. Reverse primer sequences, if present, were 
removed from the reads. OTUs (operational taxonomic units) were picked de novo by 
grouping sequences with a similarity of at least 97% into OTUs by Uclust (Edgar, 2010). A 
representative set of sequences were then picked from the OTUs, and their taxonomy 
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assigned by Uclust against the Greengenes 16S rRNA database (McDonald et al., 2012) with 
a sequence similarity threshold of 90%. The resulting OTU tables were modified by 
excluding singletons and OTUs with unassigned taxonomies. The modified OTU tables were 
then used for plotting rarefaction curves and calculating Good's coverage with the 
multiple_rarefactions, alpha_diversity and collate_alpha scripts in QIIME. For bacterial 
composition analysis, the OTU tables were further processed with the 
summarize_taxa_through_plots script in QIIME to collate OTUs with the same taxonomy 
assignment and for conversion to relative proportions. The most specific taxonomy 
assignment was often to the genus level only. Representative sequences of dominant OTUs 
belonging to the same genus were analysed by BLAST (Altschul et al., 1990) and species 
assignment was given where applicable.  
 
2.6. Illumina sequencing 
Due to anomalous pyrosequencing results from day 0 MF-CO2 and the lack of sequencing 
reads from day 0 SF1-control, these samples were resubmitted to ACE for Illumina 
sequencing (pyrosequencing services were no longer provided by ACE by that time). 16S 
rRNA gene amplicons were prepared with the same primers as for pyrosequencing (section 
2.5). In order to ensure that results from pyrosequencing and Illumina sequencing were 
comparable, additional samples with previous pyrosequencing results were included in the 
same Illumina sequencing run. Quality trimming as per ACE's method was done using 
Trimmomatic (Bolger et al., 2014) in Galaxy (Afgan et al., 2016) as follows: (i) trimming the 
first 20 bases of the raw reads to remove primer sequence; (ii) quality trimming using a 
sliding window of 4 bases with an average base quality above 15; (iii) hard trimming to 250 
bases; (iv) excluding reads shorter than 250 bases. OTU picking and rarefaction analysis were 
done using the same methods as for pyrosequencing data (section 2.5). 
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2.7. Identification of bacterial isolates using Sanger sequencing 
Bacterial isolates of interest from the spread plates in bacterial growth studies (section 2.3) 
were grown in nutrient or MRS broth. Two mL of stationary phase cultures were centrifuged 
to obtain cell pellets. The pellets were stored at -20°C until DNA extraction. DNA was 
extracted using chloroform-isoamyl alcohol as previously described (Prasad and Turner, 
2011). The resulting DNA extract acted as template for PCR amplification of the 16S rRNA 
gene using primers designed against conserved regions upstream of V1 and downstream of 
V8 in the 16S rRNA gene (forward primer: 5'-AGAGTTTGATCCTGGCTCA-3', reverse 
primer: 5'-CGGTGAATACGTTCCCG-3'). The PCR products were sent to Macrogen (Seoul, 
Korea) for DNA purification and Sanger sequencing. The isolates were identified using 
BLAST (Altschul et al., 1990). 
 
2.8. Accession number of pyrosequencing and Illumina sequencing data 
Raw sequencing data of the samples analysed in this study have been deposited into the 
European Nucleotide Archive under the study number PRJEB11534. A key listing the sample 
IDs in the sequence files with the corresponding sample descriptions is available in the 
supplemental data. 
 
3. Results and discussion 
3.1. Carbonation delays spoilage of raw milk  
It has been well established by independent research groups in different countries that CO2 is 
inhibitory against bacterial growth in raw milk, particularly against Gram-negative bacteria 
such as coliforms and Pseudomonas (Amigo et al., 1995; Espie and Madden, 1997; Roberts 
and Torrey, 1988; Ruas-Madiedo et al., 1996). In order to confirm this inhibition locally, raw 
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milk from five different sources with varying scales of production were collected (Table 1) 
and the effect of CO2 on bacterial growth was studied. The initial bacterial counts of the 
samples ranged from 3.3×10
3
 to 4.4×10
4
 CFU/mL (Fig. 1). Non-carbonated controls all 
spoiled between day 3 and 7 except MF which spoiled between day 7 and 14.  The 
carbonated samples did not spoil until 1 to 4 weeks after their corresponding non-carbonated 
controls. The bacterial counts of the carbonated samples from DP1, MF and SF2 remained 
stable for 21 days of storage (Fig.1). Hence, CO2 was confirmed to be effective at delaying 
bacterial spoilage in raw milk from our local sources, thus justifying further investigation into 
its potential to be developed as a processing aid. 
 
The average day 0 pH of the raw milk samples was 6.57, and CO2 decreased the pH to an 
average of 5.82, equivalent to an average reduction of 0.75 pH units. However, inhibition of 
bacterial growth could not be attributed to pH reduction alone, as has been previously 
documented (Hendricks and Hotchkiss, 1997; King and Mabbitt, 1982; Lo et al., 2016). 
 
3.2. Characteristics of pyrosequencing and Illumina reads  
Although CO2 was confirmed to be effective at inhibiting bacterial growth in raw milk, it was 
important to determine whether any undesirable bacteria were selected by the CO2 treatment. 
A culture-independent approach was adopted in order to avoid bias due to selection of culture 
media. Bacterial compositions of day 0 and spoiled raw milk samples were analysed by 16S 
rRNA gene amplicon pyrosequencing. Two samples had to be resubmitted for sequencing 
due to unsatisfactory or anomalous results: (1) day 0 SF1-control, whose sequencing reaction 
failed and (2) day 0 MF-CO2, which contained 87.4% Bifidobacterium compared to 6.2% in 
day 0 MF-control. These two samples were analysed by Illumina sequencing as 
pyrosequencing had been discontinued by our sequencing service provider. In order to ensure 
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that the results obtained with the two sequencing platforms were comparable, day 0 SF1-CO2 
and day 0 MF-control were also included in the same Illumina sequencing run. The 
characteristics of the pyrosequencing and Illumina data are shown in Tables 2 and 3. The 
mean length of the pyrosequencing reads after quality trimming is 450 bp for samples from 
DP1 and 503 bp for the other samples. Illumina reads were hard trimmed to 250 bp. The 
alpha rarefaction curves of the observed number of species of all samples show plateauing 
(Fig. 2). Although only a small number of reads were obtained for spoiled DP1-control and 
spoiled DP2-control (539 and 361 respectively after quality filtering, Table 2), the Good's 
coverage at the largest number of sequences of both samples were above 0.995. Therefore, 
the low sequencing depths of these samples are acceptable. 
 
Illumina sequencing was successful for all resubmitted samples. Pyrosequencing and 
Illumina yielded highly similar results from day 0 MF-control and SF1-CO2 and (Fig. 3). This 
is consistent with findings in previous studies which showed pyrosequencing and Illumina 
sequencing produced similar results from the same sample (Caporaso et al., 2011; Nelson et 
al., 2014). There are only minor differences between the samples. In the MF sample, 
Mycoplana was detected by pyrosequencing but not by Illumina, while Clostridiales and 
Caulobacteraceae were detected by Illumina but not by pyrosequencing. In the SF1 sample, 
Bacillales, Streptococccus and Peptostreptococcaceae were detected by pyrosequencing but 
not by Illumina, while Planococcaceae was detected by Illumina but not by pyrosequencing. 
These taxa ranged from 0.0019% (Streptococcus in SF1-454) to 7.4% (Clostridiales in MF-
Illumina) of the total population. Despite these discrepancies, closely related taxa belonging 
to the same order or family as that of the missing taxa were detected. For example, 
Peptostreptococcaceae belong to the order Clostridiales. Illumina sequencing found 7.4% of 
Clostridiales in the MF sample, which was not detected by pyrosequencing, but 
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pyrosequencing found 11.3% of Peptostreptococcaceae. Similarly, pyrosequencing found 
4.9% of Peptostreptococcaceae in the SF1 sample, which was not detected by Illumina, but 
Illumina found 4.8% of Clostridiales (Fig. 3). Therefore, valid comparisons can be made with 
results across the two sequencing platforms.  
 
3.3. Initial bacterial composition of raw milk varies with source 
The initial bacterial compositions of raw milk from the five sources are shown in Fig. 4. At 
the phylum level, it can already be seen that the DP1 sample is distinct from the other four 
samples, being overwhelmingly dominated by Proteobacteria (90–94%). In contrast, the 
initial microbiota from the other four sources are dominated by Proteobacteria and Firmicutes 
at roughly similar proportions (32–40% and 28–60% respectively), with substantial but more 
variable composition of Actinobacteria (4.6–33%) (Fig. 4). This difference could be related 
to PMA treatment: all samples were treated with PMA except those from DP1. The bacterial 
populations of the DP1 samples are also more homogeneous than the other four samples at 
the family and genus level. The dominant genus in DP1, Herbaspirillum (52–56%), was only 
found in SF2-CO2 among the other four sources at 1.2%. Although the initial bacterial 
compositions of the other four samples are quite similar at the phylum level, there are vast 
differences at the family and genus level (Fig. 4). The only taxa common to the four samples 
are Propionibacterium (0.82–3.6%), Bifidobacterium (0.67–3.9%) and Alicyclobacillus (1.2–
8.5%). Samples from SF1 and SF2 have different predominant taxa, namely Staphylococcus 
(29–31%) and Peptostreptococcaceae (39–44%), respectively. In contrast, the populations of 
DP2 and MF are more diverse. As raw milk microbiota originate from cow skin microflora, 
farm environment and farming equipment (Quigley, O'Sullivan, et al., 2013), it is conceivable 
that variations in one or more of these aspects can lead to the widely different profiles seen 
here. The heterogeneous initial bacterial populations identified between our samples provide 
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an ideal baseline to determine whether CO2 selects for certain groups of bacteria during 
storage.  
 
Three independent studies carried out in Denmark, Ireland and Mexico have found lactic acid 
bacteria (LAB), in particular Lactococcus or Streptococcus, to be the predominant bacterial 
group in raw milk microbiota (Aldrete-Tapia et al., 2014; Masoud et al., 2012; Quigley, 
McCarthy, et al., 2013). LAB were found in all day 0 samples except those from SF2, but 
they were only present in relatively minor proportions, with Lactococcus and Streptococcus 
being the only genera common to these four sources (0.081–8.2%) (Fig. 4). In two studies 
where raw milk samples were collected from multiple sources in the same country, unique 
microbiota profiles were found for each source. However, the profiles in one study are much 
more homogeneous across the sources, with Lactococcus forming 30-90% of the microbiota 
(Quigley, McCarthy, et al., 2013), whereas the profiles in the other study vary extensively 
with source and season (Aldrete-Tapia et al., 2014). The heterogeneity in the latter study is 
similar to our findings. It is worth noting that the primers used in the studies cited above 
target different regions in the 16S rRNA gene compared to the primers we used (V1-V3, V3-
V4 or V4 as opposed to V5-V8), thus this cannot be ruled out as a factor in the differences 
seen in the bacterial communities.  
 
3.4. Control raw milk was spoiled by common milk spoilage bacteria 
All non-carbonated controls were spoiled by Gammaproteobacteria (Fig. 5). Pseudomonas is 
the dominant spoilage genus in four out of the five non-carbonated samples. The spoilage 
Pseudomonas OTUs could not be resolved to single species, but they all belong to the 
Pseudomonas fluorescens group. SF1-control was spoiled by both Serratia and Pseudomonas, 
the former being slightly more dominant (50% vs 42%). The spoilage bacterial community of 
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SF2 also contains a substantial proportion of Erwinia (24%) (Fig. 5).  All three genera are 
minor members of the initial population: Pseudomonas was present at 1.79% or lower, 
Serratia was present only in the DP1 and SF samples (3.1% or lower), and Erwinia was 
undetected in all samples. Dominant colony types on the spread plates of spoiled samples 
were identified by Sanger sequencing of the 16S rRNA gene. All the selected isolates were 
found to belong to the P. fluorescens group. 
 
Pseudomonas, Serratia and Erwinia are psychrotrophs, and the dominance of the first two 
genera in spoiled raw milk has already been well characterised in culture-dependent studies 
(Boor and Fromm, 2009; Heyndrickx et al., 2010; Machado et al., 2015; Sørhaug and 
Stepaniak, 1991; Ternström et al., 1993). Erwinia is more often associated with spoilage of 
fruits and vegetables (Kahala et al., 2012; Tournas, 2005).   
 
3.5 CO2 selects for different spoilage organisms in three raw milk samples  
The carbonated samples from both SF1 and SF2 share similar spoilage bacteria as their 
corresponding controls (Fig. 5). Serratia has been reported be able to grow at high CO2 
concentrations (Schuerger et al., 2013), thus the higher proportion of Serratia compared to 
Pseudomonas in spoiled SF1-CO2 could possibly be due to selection by CO2. A similar 
phenomenon was also found in carbonated raw Mozzarella whey that was spoiled during cold 
storage (Lo et al., 2016). In contrast, the other three carbonated samples were spoiled by 
different bacteria than their controls. The microbiota of spoiled carbonated samples from DP1, 
DP2 and MF are dominated by Leuconostoc (62–95%) (Fig. 5). Spoiled DP2-CO2 also 
contains 17% Carnobacterium, which belongs to the same family as Leuconostoc 
(Leuconostocaceae). Gluconacetobacter, comprising a substantial 8.4% of the spoiled SF2-
CO2 bacterial community, was found only in one spoiled control sample: SF2-control, at a 
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miniscule proportion of 0.083%. BLAST analysis of the most dominant OTU sequences 
narrowed down the classification of Leuconostoc and Carnobacterium to Leuconostoc 
lactis/garlicum and Carnobacterium maltaromaticum respectively. Similar to the spoilage 
genera of the control samples, these genera are minor members of the day 0 populations. 
Carnobacterium was present only in day 0 DP2-CO2 at 0.87%, while Leuconostoc and 
Gluconacetobacter were undetected in all day 0 samples (Fig. 4). Although Herbaspirillum 
constitutes 23% of the bacterial population of the spoiled DP1-CO2 sample (Fig. 5), it is not 
considered as a major spoilage bacterium as it is a dominant member in the day 0 population 
(52%) (Fig. 4) and has decreased in proportion when spoilage occurred.  
 
Leuconostoc and Carnobacterium were found to be culturable psychrotrophs in raw milk 
(Hantsis-Zacharov and Halpern, 2007). These genera, among other LAB, have been also been 
well established as major spoilage bacteria of refrigerated meat products stored in vacuum 
and modified atmosphere packaging which contains higher concentrations of CO2 (Borch et 
al., 1996; Ercolini et al., 2011; Stoops et al., 2015). Furthermore, it has been reported that 
CO2 has little effect on a range of LAB, including Leuconostoc (Espie and Madden, 1997; 
Ruas-Madiedo, Alonso, et al., 1998; van Hekken et al., 2000; Vinderola et al., 2000). 
Therefore, it is not surprising that CO2 selected for the growth of Leuconostoc and 
Carnobacterium in these three carbonated samples. To our knowledge, this is the first report 
of Leuconostoc as a major spoilage bacterium of raw milk treated with CO2. 
 
The identities of dominant colony types determined by Sanger sequencing of 16S rRNA 
genes from the spoiled CO2 samples largely agree with the pyrosequencing results. Dominant 
spoilage isolates from SF1 and SF2 were found to be Hafnia, which is closely related to 
Serratia, and a member of the P. fluorescens group respectively. However, recovery of 
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dominant spoilage isolates from DP1, DP2 and MF varied with culture media. The isolates 
grown on nutrient agar obtained from DP1, DP2 and MF were identified as Le. 
lactis/garlicum, Lactococcus raffinolactis and Streptococcus parauberis respectively. In 
contrast, all dominant isolates grown on MRS agar were identified as Leuconostoc spp.:  Le. 
lactis/garlicum and Leuconostoc citreum/holzapfelii. On nutrient agar under aerobic 
conditions, Leuconostoc grew very poorly (DP1 sample) or failed to grow (DP2 and MF 
samples), whereas Lactococcus and Streptococcus could grow, albeit not optimally, under 
these conditions. Therefore, Leuconostoc as a dominant spoilage genus would have been 
undetected if only a culture-dependent method using a general purpose culture medium such 
as nutrient agar had been adopted. These results highlight the importance of incorporating a 
culture-independent approach in community profiling studies.  
 
The bacterial population of carbonated raw milk during cold storage has been studied using 
PCR clone libraries and molecular fingerprinting of the 16S rRNA gene (Rasolofo et al., 
2011; Rasolofo et al., 2010). Pseudomonas was found to be the dominant spoilage genus in 
both studies. However, one study showed a higher proportion of Gram-positive bacteria in 
the carbonated sample than the untreated control after storage at 4°C for 7 days (39.2% vs 
4.8%). LAB formed 13.1% of the day 7 CO2 population (mainly Streptococcus, 8.2%), but 
they were undetected in the untreated control (Rasolofo et al., 2010). Our current results are 
consistent with those reported in this study.  
 
It would be of interest to determine whether there were any distinctive features of the samples 
which led to systematic selection of LAB by CO2. Based on our results, initial bacterial 
composition and diversity, length of spoilage retardation, and geographical location 
(Queensland vs Victoria) are factors that can likely be excluded. One feature that stood out 
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was scale of operation: the carbonated samples not spoiled by LAB both came from small 
scale farms. However, the relationship between scale of operation and bacterial selection is 
unclear in this context, and a greater number of samples would need to be analysed to 
confirm this possible correlation.  
 
Le. lactis is often isolated from fermented foods including traditional fermented milk 
products and brined products such as kimchi and stinky tofu (Dan et al., 2014; Liu et al., 
2011). It is also important for aroma and texture production in dairy products (Hemme and 
Foucaud-Scheunemann, 2004; Marshall, 1987). There have been reports of Leuconostoc 
causing infections including bacteraemia, endocarditis and meningitis (Ogier et al., 2008). 
However, with a few exceptions, these infections were limited to immunocompromised 
patients, and none of the cases were associated with consumption of foods containing 
Leuconostoc. Furthermore, Le. lactis was rarely isolated in these cases, the most common 
species being Leuconostoc mesenteroides. Therefore, the use of CO2 in raw milk can be 
regarded as safe even if Leuconostoc will be enriched.  
 
4. Conclusion 
This is the first study in which pyrosequencing and Illumina sequencing was used to analyse 
the bacterial populations of carbonated raw milk. Five raw milk samples obtained from 
geographically distinct sites with different initial bacterial populations were analysed. CO2 
was effective in inhibiting bacterial growth in all samples studied, delaying spoilage for at 
least 7 days. The non-carbonated controls were spoiled by Pseudomonas and Serratia. CO2 
selected for different spoilage organisms in three out of the five samples tested, namely, Le. 
lactis/garlicum. This is consistent with LAB being major spoilage bacteria of meat products 
in modified atmosphere packaging with higher concentrations of CO2. No pathogenic bacteria 
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were enriched by CO2 treatment. This is the first study in which LAB were found to be 
dominant spoilage organisms in carbonated milk. The inhibition of bacterial growth and the 
lack of selection of harmful bacteria by CO2 support the introduction of carbonation as a 
processing aid of raw milk. CO2 is already routinely used in processing cottage cheese in the 
US to increase its shelf-life. Field trials in dairy processing plants will determine its 
feasibility in raw milk in an industrial setting. 
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Figure captions  
Fig. 1 Inhibition of bacterial growth by CO2 in raw milk stored at 4°C. Results from five raw 
milk samples collected from different sources (Table 1) are shown. Plate counts were 
performed until spoilage levels of bacteria were reached (10
6
 CFU/mL).  
 
Fig. 2 Rarefaction analysis of the sequencing reads obtained from dairy samples used in this 
study. The day 0 MF-CO2 and day 0 SF1-control samples were analysed by Illumina 
sequencing, while the rest of the samples were analysed by pyrosequencing. See section 3.2 
for details. 
 
Fig. 3 Comparison of 16S rRNA community profiling with 454 pyrosequencing and Illumina 
sequencing. Taxon names are only shown for OTUs with an occurrence of 1% or more in at 
least one sample. The rest of the OTUs are grouped into "others". The taxa are grouped by 
phylum, each denoted by a different bar pattern (from top to bottom, left to right of legend): 
v-pattern— Euryarchaeota; vertical stripes—Actinobacteria; horizontal stripes—
Bacteroidetes; solid—Firmicutes; brick pattern—Fusobacteria; polka dots – 
Gemmatimonadetes; diagonal stripes—Proteobacteria (with subgroups of 
Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria); diamond grid—TM7. 
The rank of each taxon is shown: p__, phylum; c__, class; o__, order; f__, family; g__, genus.  
 
Fig. 4 16S rRNA community profiling of day 0 raw milk from five different sources stored at 
4°C. The sequencing platform was pyrosequencing, except for MF-CO2 and SF1-control 
(Illumina sequencing). Taxon names are only shown for OTUs with an occurrence of 1% or 
more in at least one sample. The rest of the OTUs are grouped into "others". The taxa are 
grouped by phylum, each denoted by a different bar pattern (from top to bottom, left to right 
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of legend): v-pattern— Euryarchaeota; diagonal brick pattern— Acidobacteria; vertical 
stripes—Actinobacteria; horizontal stripes—Bacteroidetes; checks— Chloroflexi; solid—
Firmicutes; brick pattern—Fusobacteria; polka dots – Gemmatimonadetes; grid— 
Planctomycetes; diagonal stripes—Proteobacteria (with subgroups of Alphaproteobacteria, 
Betaproteobacteria, Deltaproteobacteria and Gammaproteobacteria); diamond grid—TM7. 
The rank of each taxon is shown: p__, phylum; c__, class; o__, order; f__, family; g__, genus. 
 
Fig. 5 16S rRNA community profiling by pyrosequencing of spoiled raw milk from five 
different sources stored at 4°C. Taxon names are only shown for OTUs with an occurrence of 
1% or more in at least one sample. The rest of the OTUs are grouped into "others". The taxa 
are grouped by phylum (from top to bottom of legend): Gammaproteobacteria, 
Betaproteobacteria, Alphaproteobacteria and Firmicutes. Proteobacteria are denoted by a 
solid bar pattern and Firmicutes by solid. The rank of each taxon is shown: c__, class; o__, 
order; f__, family; g__, genus. 
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Table 1 
Details of raw milk sample sources 
Sample source Location
a
 Scale Month of sample collection 
(season) 
Dairy processing plant 1 (DP1) Queensland Large scale, one of major 
national dairy producers 
February 2013 (summer) 
Dairy processing plant 2 (DP2) Queensland Large scale, one of major 
national dairy producers 
March 2014 (autumn) 
Medium farm (MF) Queensland ~250 cows March 2014 (autumn) 
Small farm 1 (SF1) Queensland ~50 cows March 2014 (autumn) 
Small farm 2 (SF2) Victoria 4 cows May 2014 (autumn - winter) 
a
state in Australia 
Table 2 
Characteristics of pyrosequencing reads 
Sample source Number of samples 
analysed 
Number of reads after quality filtering 
Total Minimum Maximum Mean 
DP1 4 9174 539 3435 2293 
DP2 4 20510 361 7984 5127 
MF 4
a
 44916 3207 17779 11229 
SF1 3
b
 18417 3363 11376 6139 
SF2 4 27939 4571 10729 6984 
a Anomalous results were obtained from day 0 MF-CO2, so this sample was resubmitted for Illumina sequencing (Table 3). 
bThe sequencing reaction of day 0 SF1-control failed, so this sample was resubmitted for Illumina sequencing (Table 3). 
 
Table 3 
Characteristics of llumina reads 
Sample source (time point) Sample treatment Number of reads after quality filtering 
MF (day 0) no CO2 control 22950 
 +CO2 28934 
SF1 (day 0) no CO2 control 25223 
 +CO2 18673 
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Highlights 
 Five carbonated raw milk samples were analysed by next-generation sequencing. 
 Three samples were spoiled by Leuconostoc, unlike the non-carbonated controls. 
 Two samples had the same spoilage bacteria as the controls (Pseudomonas, Serratia).  
 No harmful bacteria were selected by CO2 treatment. 
 CO2 increased storage life of raw milk stored at 4°C for at least 7 days. 
